Wang X, Sun Z. RNAi silencing of brain klotho potentiates cold-induced elevation of blood pressure via the endothelin pathway. Physiol Genomics 41: 120 -126, 2010. First published January 19, 2010 doi:10.1152/physiolgenomics.00192.2009.-Klotho is a recently identified antiaging gene. Brain endothelin-1 (ET1) is important in the regulation of blood pressure (BP). We hypothesized that silence of brain klotho potentiates cold-induced elevation of BP via the endothelin pathway. To silence brain klotho, we constructed adeno-associated virus (AAV) carrying rat klotho small interference hairpin RNA (KL-shRNA). AAV carrying ET1-shRNA was used to silence brain ET1. Scrambled shRNA was used as Control-shRNA. Three groups of male Sprague-Dawley rats (6 rats/group) received KL-shRNA, KL-shRNA plus ET1-shRNA, and Control-shRNA, respectively, via intracerebroventricular injection. BP was monitored daily using a telemetry system. All animals were exposed to a moderate cold environment (5°C) at 12 days after gene delivery. KL-shRNA significantly increased BP by 9 days of exposure to cold, while BP in the Control-shRNA group remained unchanged. ET1-shRNA abolished KL-shRNA-induced elevation of BP during cold exposure. Interestingly, KL-shRNA increased brain ET1 expression and plasma norepinephrine level, suggesting that silencing of brain klotho increased ET1 production and the sympathetic nervous activity. The KL-shRNA-induced increase in sympathetic nervous activity was mediated by ET1 because it could be abolished by silencing of ET1. These results demonstrated that silencing of brain klotho potentiated and expedited cold-induced elevation of BP by upregulation of ET1 and the subsequent activation of the sympathetic nervous system. endothelin-1; cold exposure; adeno-associated virus; choroid plexus; RNA interference; short hairpin RNA; norepinephrine COLD TEMPERATURES HAVE ADVERSE effects on the human cardiovascular system. The prevalence of hypertension and related cardiovascular disease increases in cold regions and in winter (3, 8, (11) (12) 17) . The cold winter season has the highest mortality and morbidity from cardiovascular diseases (2, 14, 33). Cold temperatures increase severity of hypertension and trigger myocardial infarction and stroke in hypertensive patients (1, 5, 15, 33) . Previous studies from our laboratory indicate that chronic exposure to moderate cold (5°C) causes hypertension (10, 36 -37). Cold temperatures activate the sympathetic nervous system (SNS), which plays a critical role in the development of coldinduced hypertension (CIH) (29, 37) .
COLD TEMPERATURES HAVE ADVERSE effects on the human cardiovascular system. The prevalence of hypertension and related cardiovascular disease increases in cold regions and in winter (3, 8, (11) (12) 17) . The cold winter season has the highest mortality and morbidity from cardiovascular diseases (2, 14, 33) . Cold temperatures increase severity of hypertension and trigger myocardial infarction and stroke in hypertensive patients (1, 5, 15, 33) . Previous studies from our laboratory indicate that chronic exposure to moderate cold (5°C) causes hypertension (10, 36 -37) . Cold temperatures activate the sympathetic nervous system (SNS), which plays a critical role in the development of coldinduced hypertension (CIH) (29, 37) .
Klotho is a recently discovered antiaging gene (41) . Genetic mutation of klotho causes extensive premature aging phenotypes and drastically shortens lifespan (21) . Overexpression of klotho, however, extends lifespan (22) . Our most recent study indicated that in vivo expression of klotho in kidneys prevents progression of spontaneous hypertension and renal damage (43) . Klotho gene is composed of five exons and four introns and resides on chromosome 13 with a size Ͼ50 kb (21) . There are two transcripts generated from alternative RNA splicing, a transmembrane and a secreted form of klotho protein (41) . The transmembrane form of klotho has a full-length transcript and encodes 1,014 amino acids. The short arm of the transmembrane domain can be removed and released into the circulation as a secreted form of klotho. An alternative RNA splicing also generates secreted form of klotho, which has a half-length of the transcript and encodes 550 amino acids (41) . Klotho is mainly expressed in the kidney tubule epithelial cells. Klotho functions as a circulating hormone (41) . Klotho regulates insulin/insulin-like growth factor 1 signaling and suppresses oxidative stress. Klotho acts as a glucuronidase and activates ion channel TRPV5. Klotho protects against endothelial dysfunction and regulates the production of nitric oxide (41) . Klotho gene is also expressed in choroid plexus (CP) in the brain (21, 23) , and the transmembrane form of klotho protein was found in cerebrospinal fluid (18) . However, it is not known if brain klotho is related to the regulation of blood pressure (BP) in cold exposed rats.
Endothelin-1 (ET1) is a potent vasoconstrictor peptide synthesized by vascular endothelium (46) . Chronic infusion of ET1 into the cerebral lateral ventricles of conscious rats provokes a progressive increase in arterial BP accompanied by increased urinary excretion of norepinephrine (NE) and epinephrine, reflecting activation of autonomic vasomotor centers. ET produced in the central nervous system may modulate the central control of circulation (31) . The pressor action of centrally acting ET is probably mediated by enhancing the efferent sympathetic nerve activity (30) . It is not known, however, if brain klotho regulates ET1 expression and the SNS activity in cold-exposed rats.
The objective of this study was to determine the role of brain klotho in the regulation of BP during exposure to cold. We hypothesized that RNA interference (RNAi) inhibition of brain klotho potentiates cold-induced elevation of BP via the ET system.
METHODS
Construction of adeno-associated virus with klotho shRNA and ET1 shRNA. Two rat klotho shRNAs and two rat ET1 shRNAs were designed using the online shRNA designer software (Gene Link siRNA Explorer) and synthesized by IDT DNA (Coralville, IA). The shRNAs were annealed and ligated into the pAAV.U6 vector as described in our previous study (40) . The inhibition efficiency of klotho shRNAs was tested in rat aortic smooth muscle cell cultures. One rat klotho shRNAs (cct tac ttc gag aaa tgc ggg) and one rat ET1 shRNAs (gga gtg tgt cta ctt ctg cca) were chosen based on their higher inhibition efficiency. For details, refer to the Supplemental Methods. 1 Packaging of adeno-associated virus with klotho-shRNA and ET1-shRNA. Adeno-associated virus (AAV)-2 vector carrying klotho shRNA (KL-shRNA) and ET1 shRNA (ET1-shRNA) were packaged as described in our previous studies (35, 40) . The titers of recombinant AAVs were determined as described previously (40) . For details, refer to the Supplemental Methods.
Quantitative reverse transcription polymerase chain reaction. The mRNA expression of klotho, ET1, ETA, and ETB was measured using quantitative reverse transcription polymerase chain reaction (qRT-PCR) as described previously (34, 36) . Briefly, total RNA was isolated from paraffin-embedded sections in cerebroventricle areas shown choroids plexus. The procedure of RNA isolation was performed according to the manual of RecoverALL Total RNA isolation kit (Ambion, Austin, TX). We used 2 g of total RNA for reverse transcription, and 2 l of cDNA was used for PCR. Primers of klotho, ET1, ETA, and ETB used in qRT-PCR were provided in Table 1 . For details, refer to the Supplemental Methods.
Western blot. Klotho protein was measured using western blot described previously (38 -39, 43) . For details, refer to the Supplemental Methods.
Animals. This study was carried out according to the guidelines of the National Institute of Health on the care and use of laboratory animals. This project was approved by the Institutional Animal Care and Use Committee.
Eighteen male Sprague-Dawley rats (350 -400 g) were randomly divided into three groups (six rats/group). All rats were housed individually and provided with Purina laboratory chow (#5001) and tap water. All rats were handled twice daily to minimize handling stress. Following a 1 wk control period, animals were implanted with the BP devices (TA11PA-C40, DSI) in the abdominal aorta under anesthesia (sodium pentobarbital 65 mg/kg body wt, ip).
Measurement of BP using a telemetry system. Systolic, diastolic, and mean BP was monitored using a telemetry system (DSI) in conscious freely moving animals. Data were recorded three times before injection and once daily after injection. All reported BP values represented an average of at least 10 repeated measurements for each animal.
Intracerebroventricular injection. One week after implantation of BP devices, three groups of rats received AAV.KL-shRNA, AAV.KL-shRNA plus AAV.ET1-shRNA, and AAV.Control-shRNA, respectively, via intracerebroventricular (ICV) injection (2 ϫ 10 8 plaque-forming units/rat, 15 l) under pentobarbital anesthesia. Preliminary studies indicated that ICV injection of AAV.ET1-shRNA alone did not affect klotho expression nor did it alter BP in cold- 1 The online version of this article contains supplemental material. exposed rats. Therefore, a group with AAV.ET1-shRNA was not included in this study. For microinjection, a microsyringe was inserted into the left lateral cerebral ventricle (A-P, 1.0 mm caudal to the bregma; L, 1.6 mm lateral to the midline; V, 3.3 mm below the skull surface). The injection speed was maintained at 3 l/min to prevent leaking. Cold exposure. BP was monitored for 12 days before exposure to a moderate cold environment (5°C). BP was recorded daily during exposure to cold. After 12 days of exposure to cold, animals were euthanized (pentobarbital sodium, 100 mg/kg body wt ip) and perfused with saline through the heart. Following perfusion, brains were removed for immunohistochemistry. Before perfusion, blood was collected in EDTA from a small cut in the heart and plasma was separated for measuring plasma level of NE.
Immunohistochemistry. The paraffin-embedded brain sections (5 m) from selected brain regions were processed for immunohistochemistry (40, 43) . Briefly, sections were stained following standard protocols by using goat-anti-klotho polyclonal antibody (R&D), mouse anti-ET1 monoclonal antibody (Abcam), rabbit anti-ETA polyclonal antibody (Alomone), rabbit anti-ETB polyclonal antibody (Alomone), respectively. Briefly, the tissue sections were incubated with primary antibody at 4°C overnight followed by conjugated secondary antibody for 1 h. The photographs were taken under the Nikon Ti-U microscope (Nikon Instruments, Lewisville, TX) with ϫ60 oil objective. The staining densities were measured using Nikon Ti-U microscope software. For details, refer to the Supplemental Methods.
Measurement of plasma NE. Plasma level of NE level was measured using HPLC with an electrochemical detector as described in our previous studies (36 -37) .
Statistical analysis. Data for BP was carried out by t-test. The remaining data were analyzed by one-way ANOVA followed by the Tukey procedure to assess the significance of difference between means. Significance was set at a 95% confidence limit.
RESULTS
Inhibition efficiency of AAV.KL-shRNAs and AAV.ET1-shRNAs in cell cultures. As shown in Fig. 1 , two KL-shRNAs and two ET1-shRNAs were tested for their inhibition efficiency. KL-shRNA-1 was chosen for in vivo study because it demonstrated greater inhibition in klotho mRNA and protein expression compared with KL-shRNA-2 ( Fig. 1, A, B, E, F) . Similarly, Fig. 2 . Effect of silencing of brain klotho on the blood pressure (BP) in cold-exposed rats. BP was monitored using a telemetry system. A, B, C, systolic, diastolic (D-BP), and mean blood pressure (M-BP), respectively. D, E, F, net changes of systolic, D-BP, and M-BP, respectively, compared with preinjection or precold exposure levels. Data ϭ means Ϯ SE. *P Ͻ 0.05, n ϭ 6. ET1-shRNA-1 was selected as it showed greater inhibition in ET1 expression (Fig. 1, C and D) .
Silencing of brain klotho increased BP in cold-exposed rats. ICV injection of KL-shRNA did not alter BP significantly at room temperature (RT) (Fig. 2) . Gene delivery of KL-shRNA increased systolic (Fig. 2, A and D) , diastolic (Fig. 2, B and E) and mean BP (Fig. 2, C and F) as early as 9 days of exposure to cold. Thus, silencing of brain klotho resulted in an elevation of BP in cold-exposed rats. In contrast, BP of the KL-shRNA/ET1-shRNA group did not increase and maintained at the level of the Control-shRNA group during exposure to cold. These data suggest that silencing of brain ET1 abolished the KL-shRNA-induced elevation of BP in cold-exposed rats.
Silencing of brain klotho decreased klotho expression but up-regulated ET1 expression in brain CP. KL-shRNA significantly decreased klotho mRNA expression in brain CP of the ventricular area (Fig. 3, A and B) , indicating effective silence of klotho. However, the inhibitory effect of KL-shRNA on klotho was abolished by ET1-shRNA, suggesting that silencing of ET1 may upregulate klotho expression. Notably, KLshRNA resulted in a significant increase in ET1 mRNA expression (Fig. 3, A and C) , indicating that silencing of klotho upregulated ET1 expression. ET1-shRAN effectively blocked the KL-shRNA-induced increase in ET1 mRNA expression (Fig. 3, A and C) . Figure 3D shows klotho and ET1 protein expression in the CP and ependymal cells of the ventricles. Klotho and ET1 proteins were mainly localized in the apical plasma membrane of the CP epithelial cells and ependymal cells. Klotho expression (Fig. 3D, top) was significantly decreased by ICV injection of KL-shRNA compared with the control-shRNA group (Fig. 3E ). This inhibitory effect was abolished by ET1-shRNA. Silencing of brain klotho upregulated ET1 expression (Fig. 3,  D bottom and F) . ET1-shRNA abolished the KL-shRNAinduced increase in ET1 protein expression (Fig. 3F) , confirming effective silencing of brain ET1 expression.
No immunostaining for klotho and ET1 was found in the brain hippocampus (Supplemental Fig. S1 ) or hypothalamus (Supplemental Fig. S3 ). KL-shRNA or ET1-shRNA did not affect ETA or ETB expression in these brain regions (Figs. 1-3 ). Silencing of brain klotho decreased ETB receptor expression in brain CP. KL-shRNA significantly decreased ETB receptor mRNA expression in brain CP (Fig. 4, A and B) , indicating that silencing of klotho down-regulated ETB receptor expression. This effect was abolished by ET1-shRNA (Fig. 4, A and C) . In contrast, silencing of brain klotho or ET1 did not affect ETA receptor mRNA expression (Fig. 4, A and B) . ETA and ETB receptor proteins were expressed in the CP epithelial cells and ependymal cells (Fig. 4D) . ETA receptor expression was not altered significantly by silencing of klotho or ET1 (Fig. 4, D  top and E) . In contrast, KL-shRNA decreased ETB receptor protein expression (Fig. 4, D bottom and F) , confirming that silencing of klotho downregulated ETB receptor expression. The KL-shRNA-induced downregulation of ETB receptor expression was abolished by silencing of ET1 (Fig. 4, D bottom  and F) .
Measurement of plasma norepinephrine. ICV injection of KL-shRNA significantly increased plasma level of NE (Fig. 5) , suggesting that silencing of klotho increased the activity of the SNS. This effect was abolished by silencing of ET1.
DISCUSSION
Our previous studies have shown that chronic exposure to cold induces hypertension in rats (10, 36 -37, 39) . The speed and magnitude of the development of CIH are dependent on the age and body weight at the time when the animals are exposed to cold (32) . The development of CIH is delayed in animals with large body weights (32) . Indeed, the present study showed that BP did not increase in the Control-shRNA group (body wt Ϸ400 g) by 12 days of exposure to cold. It is expected that BP in the Control-shRNA group will be elevated by a longer period of exposure to cold. Notably, silencing of brain klotho potentiated and expedited the cold-induced elevation of BP although it did not alter BP at RTs. This finding is both interesting and significant because it discloses a novel role of brain klotho in the stress-induced increase in BP. As indicated in the Introduction, cold temperatures have adverse effects on the human cardiovascular system (2, 6, 14, 33) . Cold exposure increases severity of hypertension and triggers stroke and myocardial infarction (2, 14, 33) . Klotho is a recently discovered antiaging gene (20 -21) . Genetic mutation of klotho results in a variety of aging phenotypes and shortens lifespan (21, 41) . In humans, the klotho level decreases with age (44) , whereas the prevalence of hypertension increases with age (4, 27) , suggesting a possible link between klotho and hypertension. Therefore, further studies are warranted to determine if silencing of brain klotho increases the magnitude of CIH following a longer period of exposure to cold.
It is interesting that silencing of klotho in brain CP and ependyma resulted in upregulation of ET1 expression in these regions. This study reveals, for the first time, that there may exist cross talk between klotho and the ET system. Immunohistochemical analysis further demonstrated that klotho and ETA and ETB receptors were localized in the CP, providing a basis for the functional connection of klotho and the ET system. Importantly, the upregulation of ET1 expression may mediate the potentiating effect of KL-shRNA on cold-induced elevation of BP because it could be abolished by silencing of ET1. It is also notable that silencing of ET1 abolished the inhibitory effect of KL-shRNA on klotho expression with the mechanism to be determined. This result is unexpected because KL-shRNA and ET1-shRNA are specific for klotho and ET1, respectively. KL-shRNA and ET1-shRNA should not interfere with each other based on the specific genetic designs. The possible explanation is that silencing of ET1 may increase klotho expression through a mechanism that is independent of the RNAi of klotho. It is known that ET1 increases vascular NADPH oxidase activity and oxidative stress (7), which could suppress klotho expression (41) . Knockdown of ET1 decreases the vascular oxidative stress (41) level, which may increase klotho mRNA expression even in the presence of KL-shRNA. Further studies are needed to test this hypothesis. The innovative aspect of this study is that it disclosed a previously unknown relationship between klotho and ET1 in the brain CP.
The present study demonstrated that silencing of klotho in the CP increased the activity of the SNS as evidenced by the increased plasma level of NE. It is known that the sympathetic activation plays a critical role in the development of CIH (29, 36 -37) . The KL-shRNA-induced activation of the SNS may be mediated by its stimulating effect on ET1 because simultaneous inhibition of ET-1 in the CP abolished KL-shRNAinduced potentiation on sympathetic activation and BP elevation. Indeed, silencing of the CP klotho increased ET1 production from the CP epithelial and ependymal cells. The CP-derived ET1 could reach, via cerebral spinal fluid (CSF), brain areas related to the regulation of SNS and BP. It has been reported that injection of ET1 into the CSF via ICV resulted in significant increases in the SNS activity and BP (25) (26) 45) , suggesting that ET1 in the CSF may activate the sympathetic and cardiovascular centers. It is known that high levels of brain ET1 are related to the increased sympathetic nerve activity (9, 13, 16, 19, 24, 28) . ET1 exerts its function via ETA and ETB receptors. Injection of ET-1 into the CSF increases the SNS activity and BP via ETA receptors but not ETB receptors (26) . The potentiating effect of KL-shRNA on the SNS and BP may be due to its stimulating effect on ET1 in the CP because klotho is not expressed in other brain regions or neurons. Further studies are needed to determine what brain areas (specific brain regions) are involved in the effect of CP-derived ET-1. Nevertheless, this study reveals, for the first time, that klotho in the CP via ET-1 may be involved in the regulation of sympathetic and cardiovascular activities in cold-exposed rats, which warrants detailed mechanistic investigation.
Perspectives
The present study demonstrated, for the first time, that silencing of brain klotho potentiated and expedited cold-induced elevation of BP. This study further revealed that the potentiating effect was mediated by upregulation of ET1 expression. This finding suggests that a decrease in brain klotho may facilitate stress-related hypertension. Klotho is an antiaging gene that declines with age, whereas the prevalence of hypertension increases with age. Therefore, it is important to study role of klotho in the pathogenesis of hypertension. A further study is required to evaluate if silencing of brain klotho increases the magnitude of the development of CIH following a longer period of exposure to cold.
GRANTS
This work was supported by National Institutes of Health Grant R01-NHLBI-077490.
DISCLOSURES
No conflicts of interest are declared by the authors.
